Background: The melanoma differentiation-associated gene-7 (mda-7)/interleukin-24 (IL-24) can induce apoptosis in a wide variety of tumor cell types, whereas it has no toxicity in normal cells. However, recombinant human mda-7/IL-24 is difficult to obtain from Escherichia coli because of its insolubility.
Background
The World Cancer Report 2014 emphasized the urgent need for efficient prevention strategies to curb cancer. In 2012, the global cancer burden rose to an estimated 14 million new cases per year, which is expected to rise to 22 million per year within the next 20 years. Thus, studies are searching for the 'Holy grail' of cancer treatment, which can selectively destroy tumor cells without eliciting harmful effects on normal cells or tissues, and melanoma differentiation-associated gene-7 (mda-7)/ interleukin-24 (IL-24) appears to be a possible candidate [1] . The mda-7 is a novel tumor cell-specific apoptosisinducing gene, and it was identified via a subtraction hybridization approach from human melanoma cells that were stimulated into growth arrest and terminal differentiation by treatment with fibroblasts of IFN and mezerein [2] . Subsequently, mda-7 has been classified as a member of the expanding IL-10 gene family and it was designated as IL-24 [3, 4] . mda-7/IL-24 has apoptosis-inducing properties in a broad spectrum of human tumors [5] [6] [7] . It also has a potent 'bystander' activity [8] , inhibits tumor angiogenesis [9] , induces antitumor immunity, and synergizes with radiation and other chemotherapeutic agents [10] . Gene therapy of mda-7/IL-24 is currently undergoing phase II clinical trials [11, 12] , and it is a promising target in the field of antitumor drug research.
The Escherichia coli expression system is most widely used for producing large quantities of recombinant proteins [13] . However, mda-7/IL-24 protein is prone to form pyknotic inclusion bodies (IBs) when expressed in E. coli, which are very difficult to refold [14] [15] [16] . Solubilization and renaturation steps have an extremely significant effect on the overall process for preparation of biological active protein. Inefficient solubilization results in the reformation of aggregates during the subsequent renaturation steps [17, 18] . Thus, the structural characteristics of IBs could affect their solubilization efficiency [19] . There were many studies about the refolding methods of IBs in vitro [20] [21] [22] . However, no previous studies have attempted to improve the structure of mda-7/IL-24 IBs by optimizing the culture conditions to facilitate the subsequent IB renaturation and purification process. In this study, we evaluated the correlation between the IB solubilization behavior and culture conditions. Furthermore, we assessed the effects of metal ions of Mg 2+ , Ca 2+ , and Mn 2+ and their interactions using a statistically designed experiment (Box-Behnken design) and simplified the purification process based on the IB characteristics.
Materials and methods

Construction of pET28a-mda-7/IL-24
The entire cDNA of the human mda-7/IL-24 gene [GenBank:NM-006850] was stored in our laboratory. Two oligonucleotide primers were designed, forward (5′-GGGAAT TCCATATGGCCCAGGGCCAAGAATTCCACT-3′) and reverse (5′-CCCAAGCTTGGGTCAGAGCTTGTAGAAT TTCTG-3′), to introduce the Nde I and Hind III restriction endonucleases (Takara Bio Inc., Otsu, Shiga, Japan), respectively. The mda-7/IL-24 gene was obtained by PCR with the primers. The resulting products were subcloned into the pET28a (+) expression vector after double digestion. The recombinant plasmid pET28a-mda-7/IL-24 was transformed into BL21 (DE3) pLysS competent cells. The sequence was confirmed by DNA sequencing (Shanghai Jieli Biotechnology Co., Ltd., Shanghai, China).
Expression of the recombinant human mda-7/IL-24
The recombinant E. coli BL21 (DE3) pLysS was inoculated into 250 mL Luria-Bertani (LB) medium, incubated at 37°C with shaking at 200 rpm. When the OD 600 of the cultured medium reached 0.6, the culture was induced with isopropyl-β-D-thiogalactopyranoside (IPTG) at a final concentration of 1 mM for 4 h. Further, the cells were harvested by centrifugation at 8,000×g for 10 min at 4°C, and the pellets were resuspended in lysate buffer (20 mM Tris, 10 mM EDTA, pH 8.5) before disruption, where the sonication program comprised a series of 200 × 3 s bursts at 300 to 400 W power with a 6-s pause between each burst. The samples were then subjected to centrifugation at 10,000×g for 30 min. Protein expression was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE: 15% separating gel and 4% stacking gel).
Culture conditions
The effects of the culture conditions were studied, including the induction temperatures (18°C, 25°C, 30°C, and 37°C), pH (6. Furthermore, we optimized the concentrations of the metal ions using a Box-Behnken design [23, 24] to minimize the IB solubility. The Design-Expert Software (version 8.0, Stat-Ease Inc., Minneapolis, MN, USA) was used for the experimental design and data analysis. Three variables were designed at three levels, which required 17 experiments. The minimum and maximum levels are described in Table 1 . All experiments were performed in triplicate, where the response Y represented the average value. The optimal values were obtained by solving the regression equation and analyzing three-dimensional (3D) response surface plots and contour plots.
Solubility of the IBs mda-7/IL-24 was produced in different culture conditions using 30 mL LB medium in a 250-mL shaker flask. The IBs were obtained by centrifugation after disruption. The same amount of enriched IBs (1 mg) was resuspended in 1 mL solubilization buffer (8 M urea) and vortexed for 2 h at room temperature. The IB solubility will be affected by their structures, which will result in difference in turbidity when IBs were dissolved in denaturation buffer. The turbidity of IB resuspension in the solubilization buffer was chosen as the index to reflect the solubility of IBs, and lower turbidities were associated with higher IB solubilities [25, 26] . The turbidity of the suspension was measured at 480 nm.
The samples were centrifuged at 13,000×g for 30 min and filtrated through a 0.45-μm Millipore filter (Millipore Co., Billerica, MA, USA). The protein content was estimated by using micro-BCA kit (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China). Washing, denaturation, and refolding of IBs
After disruption, the enriched IBs were solubilized and refolded. mda-7/IL-24 IBs were washed using '3 + 1' washing buffers (about 1 g IBs were solubilized in 30 mL washing buffer): buffer I, buffer II, buffer III, and deionized water (Table 2 ). In each step, the IBs were resuspended in washing buffer and agitated for 2 h. Then, the IBs were harvested by centrifugation at 10,000×g for 30 min. After these washing steps, high-purity IBs of mda-7/IL-24 were obtained. Further, the high-purity IBs were dissolved in a buffer solution (20 mM Tris, 10 mM EDTA, and 8 M urea, pH 9.0) and stirred overnight to facilitate denaturation of the mda-7/IL-24 protein. Renatured mda-7/IL-24 protein was achieved by dialysis (the concentration of mda-7/IL-24 was 0.10 mg/mL at the beginning of dialysis) with the decrease of urea concentrations (6, 3, 1.5, 0.75, and 0 M), where each dialysis buffer was applied for 12 h at 4°C with mild agitation. Finally, the bioactive mda-7/IL-24 protein was dialyzed in phosphate-buffered saline (PBS) (50 mM, pH 7.4).
Western blot assay
The SDS-PAGE analysis was performed using 15% SDSpolyacrylamide gels. The proteins retained in the gels were detected using Coomassie brilliant Blue R-250 or they were transferred by electrophoresis to nitrocellulose membranes for western blot analysis [27] . The membranes were probed with anti-mda-7/IL-24 polyclonal antibodies (R&D Systems, Minneapolis, MN, USA). A secondary antibody conjugated to horseradish peroxidase was used to enhance the chemiluminescence.
Scanning electron microscopy
Optimized and non-optimized IBs were also analyzed by scanning electron microscopy (SEM). The IBs after water dialysis were fixed and frozen [19] and dehydrated using a vacuum freeze dryer (Scientz-10N, Ningbo Scientz Biotechnology Co., Ltd., Ningbo City, China). Then, the samples were covered with gold, viewed, and photographed using a scanning electron microscope (S-3400N), Hitachi, Ltd., Chiyoda, Tokyo, Japan).
MTT assay
Proliferation inhibition was measured based on the 3-(4,5-dimethylazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Human breast cancer cell line MCF-7, human malignant melanoma cell line A-375, and normal human lung fibroblast (NHLF) cell line were plated onto 96-well microtiter plates (8 × 10 3 cells/well) in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and incubated at 37°C with 5% CO 2 . After 24 h, the cells were treated with mda-7/ IL-24 at varying concentrations for 48 h and PBS as control. The surviving cells were detected by adding 20 μL MTT (5 mg/mL) and incubating for 4 h. The resulting absorbance measured at 490 nm was proportional to the number of viable cells. Table 2 The components of '3 + 1' washing buffers 
Results
Expression of mda-7/IL-24
Recombinant plasmid pET28a-mda-7/IL-24 was obtained successfully, which contained a sequence of 474-bp coding sequence for 158 amino acid residues, and produced approximately 18-kDa protein ( Figure 1A ). The mda-7/IL-24 protein comprised up to 30% of the total cellular protein, most of which was present as IBs. The western blot analysis confirmed that mda-7/IL-24 was recognized by the anti-IL-24 monoclonal antibody ( Figure 1B ).
Culture condition optimization by response surface methodology
The factors that are known to affect the protein solubility include plasmid copy number, culture media, bacterial strain, induction temperature, induction time, and concentration of the inducer [28, 29] . We tried to improve the structure of mda-7/IL-24 IBs by optimizing the culture conditions to facilitate the subsequent IB renaturation and purification process. In this study, turbidity was used as a quantitative index of IB solubility. The effects of culture conditions on turbidity are shown in Figure 2 . Conditions which could significantly reduce the turbidity of IB suspension without markedly reducing the mda-7/IL-24 protein expression were chosen. As a result, we selected an induction temperature of 30°C, pH 7.0, and 0. To achieve the maximum solubilization of mda-7/IL-24 IBs, we optimized the IB turbidity using the BoxBehnken design, which included metal ion additives, i.e., (A) Mg 2+ , (B) Ca 2+ , and (C) Mn 2+ . The design matrix and the results of the 17 experiments conducted using the Box-Behnken design are described in Table 3 The wet weight of the E. coli cells was 3.75 g from 1 L culture medium, and 105 mg IBs was obtained after disruption. mda-7/IL-24 comprised up to 30% of the total protein. The total target protein lost 29% during the washes and 8.4% during the dialysis. The final purity of mda-7/IL-24 was about 95%.
The results of the ANOVA for the regression model are shown in Table 4 . The model F value of 20.89 implied that the model was significant, i.e., there was only a 0.03% chance that a 'model F value' this large could occur due to noise. The coefficient of determination (R 2 ) was used to check the goodness of fit of the model (Table 4) , where R 2 was 0.9641. The value of the adjusted coefficient of determination (adjusted R 2 = 0.9180) agreed reasonably well with the predicted R 2 (0.8434). The lack-of-fit value for the regression of Equation 1 was not significant (0.8113), thereby indicating that the model equation was suitable for predicting the turbidity with any combination of values for the variables. ' Adeq Precision' measures the signal-to-noise ratio, where a ratio greater than four is considered to be desirable [30] . The ' Adeq Precision' ratio of 15.336 obtained in the present study indicated an adequate signal. Thus, this model can be used to navigate the design space.
The effects of the addition of metal ions, i.e., (A) Mg 2+ , (B) Ca 2+ , and (C) Mn 2+ , on IB solubilization were visualized using 3D response surface and contour plots in (Figure 3 ). The 3D graphs were generated based on the response of pairwise combinations of the three factors while keeping the other at its optimum level. The graphs are shown to demonstrate the effects of various factors on the turbidity. The interaction effect of Mg 2+ and Ca 2+ is shown in Figure 3A . Ca 2+ exhibited a quadratic response and it was the major factor, while Mg 2+ also exhibited a quadratic response. These data suggested that the Mg 2+ and Ca 2+ had significant effects on turbidity, and they also had significant interaction effects on each other. The interaction effect of Mg 2+ and Mn 2+ is shown in Figure 3B . The effects of Mn
2+
and its quadratic response were not significant, while Mg 2+ and Mn 2+ also had non-significant interaction effects on each other. However, Ca 2+ and Mn 2+ had significant interaction effects on each other, where the Figure 5 The SDS-PAGE analysis of mda-7/IL-24 after '3 + 1' washing steps. Lane M, protein molecular weight markers; lane 1, supernatant of bacteria lysate; lanes 2, 4, and 5, pellets washed by washing buffers I, II, III, respectively; lanes 3, 6, 7, supernatants after each wash steps (I, II, and III wash steps, respectively); lane 8, the final pellets after '3 + 1' washing steps. Figure 6 The activity of renatured mda-7/IL-24 (±SD). mda-7/IL-24 inhibits the survival of A375 and MCF-7 cells in a concentrationdependent manner, whereas it has little effect on the growth of NHLFs. 
IB characteristics determined by SEM
The structures of the IBs were also examined by SEM (Figure 4) . It was clear that IBs without optimization were much larger, and the particles stuck together tightly ( Figure 4A ,C,E). While IBs with optimization had a more regular shape and appeared to be much looser, even single particles could be observed ( Figure 4B ,D,F).
Simplified purification process
In our study, IBs comprised up to approximately 100% of the total mda-7/IL-24 even after these optimizations. mda-7/IL-24 IBs were barely dissolved in both 8 M urea and 6 M guanidine hydrochloride. A '3 + 1' IB washing process was designed. High concentration of urea and Triton X-100 could effectively remove the impurities, while the pyknotic mda-7/IL-24 IBs were not completely removed in the washing steps. The purity of mda-7/IL-24 after '3 + 1' steps was 96% (Table 5, Figure 5 ). This was a simplified purification process, which required no additional procedures, such as affinity chromatography purification.
Bioactivity of mda-7/IL-24
The results showed that mda-7/IL-24 had negligible inhibitory effects on NHLF cells, while it had cytotoxicity effects on MCF-7 cells and A375 cells in a concentrationdependent manner, and the 50% inhibitory concentrations were about 1.0 and 0.7 μg/mL, respectively ( Figure 6 ).
Conclusions
Recombinant protein is prone to form IBs when expressed in E. coli. Recombinant human mda-7/IL-24 IBs are difficult to refold due to its low solubility [14] . Some studies tried to obtain soluble expression or easy refolding of mda-7/IL-24 using genetic methods [15, 16, 31] . However, no previous study has attempted to improve the structure of mda-7/IL-24 IBs by optimizing the culture conditions to facilitate the subsequent IB renaturation and purification. In this study, culture conditions were optimized, which increased the solubility of mda-7/IL-24 IBs by approximately 51% (Table 6 ). We speculated that the optimized culture conditions improved the IB structure, which was validated by SEM and the increase of solubility.
The renatured protein almost had the same activity as the commercial product of mda-7/IL-24 (Cloud-Clone Corp., Houston, TX, USA) expressed in E. coli. Therefore, we confirmed the activities of the renatured mda-7/IL-24 protein and did not evaluate the proportion of the active proteins. Efficient solubilization could contribute to the performance of the subsequent renaturation steps [17, 18] , and the renatured mda-7/IL-24 protein increased by 84% in our experiments ( Table 6 ).
The '3 + 1' washing steps could gradually remove the miscellaneous proteins and also make the IB particles loose, which benefited the subsequent refolding process. As a result, the purity of mad-7/IL-24 was 96% after '3 + 1' washing steps. Therefore, the '3 + 1' washing approach based on these IB structural characters was a simplified purification process.
With the optimized conditions, the mda-7/IL-24 formation rate was slower during the early stage and faster during the late stage ( Figure 7 ). This may be due to some proteins being synthesized in the early stage that facilitated the correct folding of the mda-7/IL-24 protein, thereby allowing the IBs to possess a greater proportion of nativelike secondary structure [32] . Therefore, the structure of IBs was improved and the solubility of the IBs increased. It is an important method to optimize the renaturation and purification process by manipulating the fermentation parameters [33] . This approach may also be applied to the expression of other proteins with similar structural characteristics.
